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TDiffraction efficiency and signal-to-noise ratio of
diffuse-object holograms in real time in polyvinyl
alcohol photopolymers
Celia Garcı´a, Inmaculada Pascual, and Antonio Fimia
We studied the influence of the beam ratio and intensity on the optical quality of the transmission
hologram images of diffuse objects stored in a photopolymer and reconstructed in real time. The
signal-to-noise ratio and the diffraction efficiency were used as measures of the optical quality. We
obtained a signal-to-noise ratio of 0.94 with a diffraction efficiency of 13% for a beam ratio of 20 and an
intensity of 1.2 mWycm2. © 1999 Optical Society of America
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;1. Introduction
In recent years, many types of photopolymerizable
systems have been developed as materials for record-
ing holograms.1 These materials have many char-
acteristics, such as good energetic and spectral
sensitivity, high resolution, high diffraction effi-
ciency, temporal stability, and processing in real
time, which make them suitable for recording holo-
grams. All these characteristics mean that such
materials are useful in applications such as holo-
graphic optical storage, production of holographic op-
tical elements, and holographic interferometry.2,3
Despite the fact that many systems of this type
have been developed, few studies are to be found that
relate to the measurement of the optical quality of
transmission holograms of diffuse objects and noise
sources that reduce the quality of these images.4,5
In fact, the study carried out by Ingwall and Fielding4
was the first to present findings relating to the signal-
to-noise ratio of diffuse objects stored in photopoly-
mers.
In this paper we study the influence of the beam
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diffraction efficiency in diffuse-object holograms
stored in a photopolymer and reconstructed in real
time.
2. Experiment
The photopolymer used in our experiment is based on
acrylamides.6 The photopolymerizable system used
consisted of acrylamide as a monomer, triethanol-
amine as a radical generator, and Eosin Yellowish as
a sensitizer. All the components were supported in
a film of polyvinyl alcohol. The photosensitive aque-
ous solution was prepared by addition of 1.5 ml of 8
gyl Eosin Yellowish, and 8 ml of a solution of 2.5 M of
acrylamide and 1.5 M of trietanolamine to 50 ml of
polyvinyl alcohol ~10% by weight!. The film was pre-
pared by means of coating a 20 cm 3 40 cm glass plate
with the photosensitive solution and then allowing it
to dry for 24 h under normal conditions @T, ’21–
23 °C; relative humidity, ’40–60%#. The resulting
thickness of the film was 70 6 5 mm. Finally, we cut
the 20 cm 3 40 cm glass plate into plates measuring
.5 cm 3 6.5 cm to use in our experimental setup.
The behavior of this photopolymer when holo-
graphic gratings with a spatial frequency of 1000
linesymm were stored is shown in Fig. 1. The holo-
graphic gratings were recorded with an argon laser
emitting at 514 nm with an intensity of 1.2 mWycm2.
he reconstruction of the hologram was made at the
ragg angle with a He–Ne laser tuned to 633 nm.
he evolution of the diffracted intensity of this beam
s a function of time was monitored in real time.
he maximum diffraction efficiency achieved was
65% with an energetic sensitivity of 200 mJycm2.
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~The experimental setup used to obtain diffuse-
object holograms is shown in Fig. 2. Both recording
and reconstruction of the hologram were performed
with a 5-W argon laser emitting at 514 nm.
The diffuse object used was a test target in front of
which was placed a diffusor. Only the zone corre-
sponding to 1.6 linesymm was stored. The virtual
image situated in the object plane was focalized by
the lens L2 and captured by a CCD camera.
The holographic images were captured in real time
with a frequency of 10 s. To evaluate the optical
quality of these images, we used the signal-to-noise
ratio @Eq. ~1!# and diffraction efficiency @Eq. ~4!#, de-
ned as
SNR 5 ImaxyImin, (1)
here Imax @Eq. ~2!# and Imin @Eq. ~3!# are given by
Imax 5 I1 with I1 5 (
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Fig. 1. Diffraction efficiency (DE) as a function of exposure for I 5
1.2 mWycm2.
Fig. 2. Experimental setup: BS, beam splitter; M, mirrors; SF,
spatial filter; L, Lens; D, diaphragm; ES, electronic shutter; H,
holographic plate.10so that
(
p50
5
~N2p11 1 N2p12! 5 128,
where Iij is the intensity of the pixel in the position i,
j and Ni marks the beginning and the end of each of
the fringes.
Since the signal-to-noise ratio of the object image
depends on both the total incident intensity and the
beam ratio, all signal-to-noise measurements have
been normalized with respect to the signal-to-noise
ratio of the object given by Eq. ~1!.
The diffraction efficiency was calculated from the
image captured by the CCD camera:
DE 5 ~IdyIi!100 (4)
with
Id 5 (
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where Id is the diffracted intensity captured by the
CCD, Io is the intensity of the object beam, Ii is the
incident intensity, and K is the beam ratio.
3. Discussion
As we indicated above, the photopolymer used to
store the diffuse object hologram is a material whose
response depends on the intensity and the beam ra-
tio. For this reason we studied its behavior, using
different intensities and beam ratios.
The results obtained for a constant beam ratio, K 5
, and different total incident intensities, I 5 ~0.6,
.2, 2.4, 4.8! mWycm2, are shown ~Fig. 3!.
Figure 3 shows the normalized signal-to-noise ratio
s a function of time @Fig. 3~a!# and diffraction effi-
iency @Fig. 3~b!#. In both figures the curves corre-
ponding to different total incident intensities from
5 0.6 mWycm2 to 4.8 mWycm2 are shown.
In Fig. 3~a! it can be seen that for low intensities
~I 5 0.6 mWycm2 and I 5 1.2 mWycm2! the signal-
o-noise ratio reaches a maximum value and then
emains stable. When the intensity is increased
I 5 2.4 mWycm2 and I 5 4.8 mWycm2!, it reaches a
maximum value and then, above certain periods of
time, decreases. In other words, the noise takes
longer to be stored. This is due to the beam ratio
that exists between the different waves that make up
the noise and the total intensity. If the intensity
affects the object signal, it will, for the same reason,
affect the noise, since this is stored in the form of
gratings with a frequency different from that of the
object itself. When the intensity is increased, the
maximum signal-to-noise ratio increases and the
slope of the first part of the graph is greater. In
other words, the velocity of polymerization increases,
and the hologram is formed more quickly.
Figure 3~b! shows the signal-to-noise ratio as a
function of diffraction efficiency. For all the total
incident intensities, the shape of the curve is the
same and the signal-to-noise ratio increases until itSeptember 1999 y Vol. 38, No. 26 y APPLIED OPTICS 5549
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5reaches a maximum and then decreases. When I 5
0.6 mWycm2, low diffraction efficiencies are obtained.
With this intensity the material hardly responds at
all, and, since there is no difference between the val-
ues of Imax and Imin, we can say that only the CCD
noise7 is stored at this intensity. When the intensity
s increased ~I 5 1.2 mWycm2, I 5 2.4 mWycm2, and
I 5 4.8 mWycm2!, higher diffraction efficiencies are
obtained.
In this way we can determine the signal-to-noise
ratio that can be achieved and the efficiency with
which the images are obtained. If we use an inten-
sity of I 5 2.4 mWycm2, the maximum signal-to-noise
ratio will be ;0.6 and the diffraction efficiency of the
stored images will vary between 10% and 20%.
However, if we use an intensity of I 5 4.8 mWycm2,
the maximum signal-to-noise ratio will be ;0.65 and
the diffraction efficiency between 14% and 17%.
We can say that the curves of SNRySNR0 against
diffraction efficiency are optimization curves and di-
rectly indicate the area to work within if we want to
achieve a particular signal-to-noise ratio. They also
indicate the range of diffraction efficiencies of the
stored images.
From the above it can be seen that the photopoly-550 APPLIED OPTICS y Vol. 38, No. 26 y 10 September 1999mer used in our study is a material whose response
depends on the intensity.
We also studied the influence of the beam ratio on
the quality of the holographic image. The beam ra-
tios analyzed were K 5 ~3, 5, 10, 20!, for a constant
intensity, I 5 1.2 mWycm2 ~Fig. 4!. Figure 4 shows
the normalized signal-to-noise ratio as a function of
time @Fig. 4~a!# and diffraction efficiency @Fig. 4~b!#.
n this case the curves in the figures correspond to
ifferent beam ratios varying from K 5 3 to K 5 20.
In Fig. 4~a! it can be seen that when the beam ratio
s increased the maximum signal-to-noise ratio ob-
ained increases. The best results were obtained for
5 20 with a signal-to-noise ratio of 0.94, giving a
olographic image with a signal-to-noise ratio similar
o that of the object image captured.
Figure 4~b! shows the normalized signal-to-noise
ratio as a function of the diffraction efficiency for
different beam ratios. This graph shows the diffrac-
tion efficiencies that may be reached when the image
of the diffuse object is stored and, at the same time,
the signal-to-noise ratio.
It can be seen that, when the beam ratio decreases,
higher diffraction efficiencies are obtained, but the
signal-to-noise ratios are lower. These experimen-Fig. 3. ~a! Normalized signal-to-noise ratio ~SNR! as a function of
time for K 5 5 and I 5 ~0.6, 1.2, 2.4, 4.8! mWycm2. ~b! Normalized
signal-to-noise ratio as a function of diffraction efficiency for K 5 5
and I 5 ~0.6, 1.2, 2.4, 4.8! mWycm2.Fig. 4. ~a! Normalized signal-to-noise ratio ~SNR! as a function of
time for I 5 1.2 mWycm2 and K 5 ~3, 5, 10, 20!. ~b! Normalized
signal-to-noise ratio as a function of diffraction efficiency for I 5 1.2
mWycm2 and K 5 ~3, 5, 10, 20!.
ctal results are similar to those obtained previously for
photographic emulsions.8 No linear relationship be-
tween signal-to-noise and beam ratios was found.
For low values of K, K 5 3 and K 5 5, the maximum
values of the signal-to-noise ratio obtained are 0.3
and 0.5, respectively, with diffraction efficiencies of
between 10% and 25%. To obtain higher values of
signal-to-noise ratio, higher beam ratios, K 5 10 and
K 5 20, must be used, but in this case the diffraction
efficiency is reduced.
From the graph it can be seen that for this intensity
the highest signal-to-noise ratio of 0.94 and diffrac-
tion efficiency of 13% are obtained when K 5 20.
4. Conclusions
The experimental results presented in this paper in-
dicate that the signal-to-noise ratio depends on the
intensity and on the beam ratio. The signal-to-noise
ratio increases when the beam ratio and the intensity
increase, but the diffraction efficiency does not. In
conclusion, the behavior of diffuse-object holograms
in real-time polyvinyl alcohol photopolymers has
been presented, showing the influence of the inten-
sity and the beam ratio. The best results were ob-
tained for a beam ratio of 20 and an intensity of 1.2
mWycm2, with a signal-to-noise ratio of 0.94 and an
efficiency of 13%.
Finally, it should be noted that the signal-to-noise
ratio of diffuse objects is a relative parameter that
can be compared only in similar diffuse objects.
However, in our study we normalized the signal-to-
noise ratio, making it independent of the object and
thus enabling us to determine the behavior of the
material itself.
Another question involves the response of the ma-
terial. A minimum intensity is needed to enable the
hologram to be stored. For I 5 0.6 mWycm2 we can10say that only the CCD noise is stored. The holo-
graphic images are stored, starting from I 5 1.2 mWy
m2. However, the storage of information is quicker
when the intensity used is increased.
These results show that it is possible to obtain
diffuse-object holograms, of good optical quality, in
real time in photopolymers.
This study was financed by the Comisio´n Intermin-
isterial de Ciencia y Tecnologı´a of Spain ~project MAT
97-0705-C02-02!.
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